Rationale: Despite recent advances in critical care and ventilator management, acute lung injury and acute respiratory distress syndrome continue to cause significant morbidity and mortality. Granulocyte-macrophage colony stimulating factor may be beneficial for patients with acute respiratory distress syndrome.
A cute lung injury (ALI) and acute respiratory distress syndrome (ARDS) represent a continuum of acute pulmonary disease that causes significant morbidity and mortality throughout the United States. ALI/ARDS is a common response to multiple systemic or lung-specific insults (1) , although sepsis syndrome is the most common predisposing factor. The an-nual incidence of ALI/ARDS in the United States may be as high as 75 per 100,000 population (1, 2) . Since ARDS was first described in 1967 (3) there have been significant improvements in ancillary management strategies for care for these patients (4) . In particular, a lungprotective ventilatory strategy (5) and conservative approach to fluid management (6) have been shown to improve patient outcomes in large multicenter trials. Nonetheless, ALI/ARDS causes a significant burden of disease, with prolonged mechanical ventilation in the majority of patients and 30% mortality in recent series of selected patients (1, 4) . ARDS leads to long-term limitations in health-related quality of life in survivors (4, 7, 8) . To date, the search for pharmacologic interventions targeted to the pathophysiology of ARDS has been disappointing (9, 10) . New therapeutic ap-proaches that address the underlying pathophysiology and complications of this condition and improve outcomes are clearly needed.
Granulocyte-macrophage colony stimulating factor (GM-CSF) is critically important for normal pulmonary homeostasis. Local expression of GM-CSF in the lung is required for maturation of alveolar macrophages, and thus for normal surfactant clearance and pulmonary innate immunity (11) . GM-CSF is also a growth and survival factor for alveolar epithelial cells, which are a primary site of injury in individuals with ARDS (12, 13) . In human patients with ALI/ARDS, increased expression of GM-CSF in bronchoalveolar lavage (BAL) fluid is correlated with increased survival, supporting the hypothesis that GM-CSF plays an important protective role in the injured lung (14) . Preclinical data from animal models suggest that GM-CSF might be of benefit in ALI/ARDS both by limiting early epithelial cell injury and by maintaining alveolar macrophage function (12, 15) . Based on these considerations, we hypothesized that GM-CSF would act at multiple points to improve the outcome of patients with ALI/ARDS. Therefore, we carried out a prospective, randomized, placebo-controlled multicenter trial of recombinant human GM-CSF for patients with ALI/ARDS. The primary outcome was days free from mechanical ventilation in the first 28 days, while secondary outcomes included 28-day mortality and duration of organ failure.
METHODS

Patient Enrollment
All mechanically ventilated patients in the participating intensive care units at the University of Michigan Medical Center (Critical Care Medicine Unit, Surgical Intensive Care Unit, Cardiothoracic Surgery Intensive Care Unit), Emory University Hospitals (Medical Intensive Care Unit, Surgical Intensive Care Unit), and the University of Colorado Denver (Medical Intensive Care Unit) were screened by study coordinators on a daily basis. Those individuals meeting criteria for ALI or ARDS by the American-European Consensus Conference definition were considered for enrollment (16) . In addition to the exclusion criteria incorporated in this definition, patients were excluded if: 1) Ͻ18 yrs of age; 2) Ͼ7 days had elapsed since onset of ALI/ARDS; 3) there was evidence of preexisting chronic respiratory failure; 4) the patient was neutropenic (absolute neutrophil count Ͻ1000 cells/mm 3 ; 5) there was a history of hematologic malignancy or bone marrow transplantation; 6) the patient had entered other therapeutic trials; or 7) there was a decision by the patient (or his/her legally authorized decision maker) or attending physician to forego aggressive care.
Enrollment and Randomization
After informed consent was obtained from the patient or the patient's legal surrogate, demographic data and physiologic measurements were collected from the time of entry into the study. The window for randomization and initiation of study drug infusion was 3 to 7 days after meeting criteria for ALI/ARDS. Thereafter, time points are defined relative to the day of randomization. Patients were randomized (1:1) to receive either recombinant human GM-CSF or placebo. The study used a randomized block design at each site, generated by the biostatistics core and provided to the pharmacies in sequential, sealed, opaque envelopes. At each site, subjects were stratified based on age (Յ or Ͼ65 yrs) in consideration of the possibility that age might be an independent factor influencing outcome, especially in patients with sepsis (17) . The investigators, study coordinators, and clinicians involved in patient care all were blinded to treatment and outcomes for the duration of the study.
Study Protocol
Following randomization, subjects received recombinant human GM-CSF (250 g/ M 2 ) or placebo, administered by slow intravenous infusion over 4 hrs, once daily for 14 days. The study drug and identical-appearing placebo were provided to the investigational pharmacies at the different sites by the manufacturer (initially Berlex Laboratories; subsequently Bayer A.G., and then Genzyme) and prepared by the pharmacy as 200-mL infusions. These manufacturers provided the study drug and placebo without charge, but provided no other support for the study. The protocol stipulated that study drug infusions were to be held on days on which the white blood cell count (WBC) was Ͼ40,000 cells/ mm 3 or the ratio of PaO 2 /FIO 2 (P/F ratio) was Ͻ80. Standardized ventilator management was based on the ARDS Network low tidal volume protocol, targeting a tidal volume of 6 mL/kg ideal body weight and plateau pressure Ͻ30 mm Hg (5) . Weaning from mechanical ventilation was standardized based on the ARDS Network protocol. This protocol was implemented by respiratory therapists and used pressure-support ventilation.
Each subject was assessed daily by the study coordinators and study parameters were recorded, including survival, requirement for mechanical ventilation, P/F ratio, hemodynamics, and laboratory studies. The primary outcome of this study was ventilator-free days (VFDs), defined as the number of days within the first 28 days after enrollment in which the patient was alive and breathing without ventilatory assistance, so long as the period of unassisted breathing had lasted at least 48 hrs. Secondary outcomes, defined prospectively, included 28-day and 6-month all-cause mortality and organ failure-free days within the first 28 days. Failure of extrapulmonary organ systems was defined as in recent ARDS Network studies (5, 6, 18) . The oxygenation index (calculated as [(mean airway pressure ϫ FIO 2 )/PaO 2 ] ϫ 100) was compared between groups on the day of first study drug administration, and on days 4, 8, and 15 after randomization for subjects continuing to receive mechanical ventilation.
Data Safety and Monitoring
The study was approved by a data safety and monitoring board assembled by the National Heart, Lung, and Blood Institute, and by the institutional review board at each site. The data safety and monitoring board then reviewed the study for safety on a regular basis.
BAL
BAL was performed using standard technique before randomization in a subset of patients. One hundred sixty milliliters of sterile isotonic saline was instilled in 20-mL aliquots, with gentle suctioning after each aliquot. Cells were collected by centrifugation, and the cellfree supernatant was frozen at Ϫ70°C for subsequent assays. Bronchoscopy was not performed for research purposes if the P/F ratio was Ͻ100, the patient was deemed to be too unstable by the attending clinician, or the surrogate declined participation in this portion of the study.
GM-CSF and Biomarker Measurements
GM-CSF protein was measured in BAL fluid and serum by enzyme-linked immunosorbent assay (R & D Systems, Minneapolis, MN, sensitive to 3 pg/mL). Serum samples were obtained in the morning, before initiation of the day's infusion of study drug. Tumor necrosis factor-␣ (TNF␣), interleukin (IL)-8, and IL-6 in serum were measured by enzymelinked immunosorbent assay (R & D Systems) according to the manufacturer's protocol. Samples were assayed in duplicate and individual data points presented as mean values.
Statistical Analysis and Sample Size Calculations
We planned to enroll 100 patients in each group. This number of subjects would provide 80% power to detect a difference of 3.9 VFDs between GM-CSF and placebo groups using a 5% level of significance. This potential effect on VFD was estimated based on the potential mechanisms of GM-CSF effects from preclinical studies, and the change in VFD in response to change in tidal volume in the initial ARDS Network study (5) . When comparing the two treatment groups, p values were computed by Fisher's exact test, log-rank test, or by the Mann-Whitney rank sum test. The Mann-Whitney nonparametric two-tailed two-sample test was used for all group comparisons involving ordinal data, since several of the variables had a very skewed distribution. All p values are two-tailed. Summary statistics are presented as percents, mean Ϯ SD, or median Ϯ interquartile range. All analyses were performed using SAS version 9.1.3.
RESULTS
Patients
Enrollment began in July 2004. The study was originally designed with an en-rollment target of 200 subjects. However, enrollment proved slower than anticipated and the trial was closed in March 2009 after a total of 132 subjects had been enrolled. Early closure of enrollment was entirely attributable to feasibility concerns; neither the investigators nor the data safety and monitoring board proposed closure due to safety. Sixty-five subjects were randomized to receive GM-CSF and 67 subjects to receive placebo. Two individuals, one from each group, did not receive infusions after randomization. One subject died following randomization, before drug infusion. In a second subject, treatment was withheld because new information obtained after randomization suggested that the patient should have failed entry criteria based on a possible diagnosis of hematologic malig-nancy. These two patients were excluded from the analysis.
The demographics, clinical characteristics, and initial physiologic characteristics of the GM-CSF and placebo groups were quite similar ( Table 1 ). The mean age of the entire population was 48.4 Ϯ 14.6 yrs. Fifty-seven percent of the subjects were male and 74.2% were white. Sepsis and pneumonia were most commonly identified as the precipitating event leading to ALI/ARDS in both groups. The severity of illness at the time of enrollment was indicated by Acute Physiology Scores from the Acute Physiology and Chronic Health Evaluation III (range 0 -299) and the Sequential Organ Failure Assessment score. The patients in both groups were critically ill, and the two groups did not differ with respect to severity of illness at enrollment, as indicated by mean Acute Physiology Scores at enrollment (57.3 Ϯ 16.0 in the placebo group vs. 56.6 Ϯ 16.1 in the GM-CSF group; p ϭ .61) or Sequential Organ Failure Assessment score (p ϭ .67). Respiratory failure was severe, with mean P/F ratio in both groups Ͻ200, indicative of ARDS rather than ALI. Mean arterial pressure was slightly, yet statistically, lower in the placebo group (63.9 Ϯ 11.1 vs. 68.4 Ϯ 10.9, p ϭ .04). Subjects were enrolled a median of 3 days after meeting criteria for ALI/ARDS (maximum 6 days in the GM-CSF group and 7 days in the placebo group) and the first infusion of study drug was begun within 24 hrs of enrollment.
Clinical End Points
There was no difference between subjects who received placebo and those who received GM-CSF with respect to VFD, the primary end point of the study (Table  2 ). There was also no difference in days on mechanical ventilation or duration of hospitalization. Mortality at 28 days in the placebo-control group was 23% compared to 17% in the GM-CSF group (Fig.  1) , a difference which was not statistically significant (p ϭ .31 by log-rank test). At 6 months, three additional patients had died in each group. Similarly, the number of organ failure-free days was greater in the GM-CSF group compared to the placebo group (Table 2) , although this difference did not achieve statistical significance. a Etiology denotes the final presumed etiology of acute lung injury/acute respiratory distress syndrome; b Acute Physiology Score is from the Acute Physiology and Chronic Health Evaluation III; c The Qualifying PaO 2 /FIO 2 ratio is from the day of enrollment, and thus may be different from the PaO 2 /FIO 2 ratio on the day of randomization. Plus-minus values are mean Ϯ SD.
Physiologic Responses to Treatment
It had been anticipated that GM-CSF infusion might influence peripheral leukocyte counts. At baseline, the mean WBC was slightly, but not significantly, greater in the GM-CSF group compared to the placebo group (Table 3) . From baseline to study day 4, WBC increased significantly in patients who received GM-CSF (p ϭ .0028) but was unchanged in those who received placebo (p ϭ .29) ( Table 3 ).
The short-term effect of study drug infusion on gas exchange was determined by comparing the change in oxygenation index between the day of first study drug administration, and days 4, 8, and 15 after randomization for subjects who continued to receive mechanical ventilation ( Table 3 ). The oxygenation index at baseline was not different between the groups (p ϭ .58), and fell over the course of the study in both groups, indicative of improving gas exchange in survivors. Treatment with GM-CSF had little impact on the change in gas exchange over time in subjects who continued to require mechanical ventilation.
GM-CSF Expression
A subset of subjects had levels of GM-CSF measured in serum or in BAL before randomization, early after initiation of treatment (days 1-5), and at later time points during treatments ( Table 4 ). As anticipated, serum GM-CSF levels were quite low and were not different between the two groups at baseline. Serum levels did not change in either group over the course of the trial. Levels of GM-CSF in BAL fluid at baseline were also similar in the two groups. Changes in GM-CSF concentration in BAL fluid over time were not statistically significant.
Inflammatory Biomarkers
At baseline, before treatment, there were no differences between the two groups in serum levels of IL-6 or IL-8. Similarly, serum IL-6 and IL-8 after the initiation of GM-CSF therapy were not different between the groups at days 1-5 or days 6 -11 post treatment (Table 5 ). Because it was considered possible that treatment with GM-CSF might induce increased expression of TNF␣, we also compared baseline and post-treatment TNF␣ levels between the groups. There was no difference in serum TNF␣ between the groups at baseline; nor were there differences in levels measured days 1-5 or days 6 -11.
Protocol Compliance
There was good compliance with the treatment protocol overall. However, the study drug infusion was withheld more frequently in subjects receiving GM-CSF compared to those receiving placebo (20.6% of treatment days vs. 10.4% of treatment days, p Ͻ .0001). Multiple factors contributed to the decisions to withhold drug infusions in these critically ill patients, and more than one factor was often present in the same subject. Leukocytosis was a common reason for withholding infusion in the GM-CSF group, as defined in the study protocol. In seven subjects, the study drug infusion was withheld the majority of days when it might have been given. Five of these individuals were in the GM-CSF group and two were in the placebo group. Elevated WBC above the predetermined threshold (40,000 cells/mm 3 ) was a contributing factor in four of these seven subjects. A P/F ratio below the predetermined safety threshold of 80 was a contributing factor in three subjects.
Ventilator management was by ARDS Network guidelines, targeting tidal volume Յ6 mL/kg ideal body weight, and plateau pressure Յ30 cm H 2 O. Both pressure-limited and volume-cycle ventilation were allowed in the protocol. Using a cutoff of 6.5 mL/kg, measured tidal volume was within range 62.3% of days measured, although on most days out of compliance the tidal volume remained Ͻ8 mL/kg (85% of days measured). There was no difference between the two groups in days with tidal volume Ͼ6.5 mL/kg (39.7% GM-CSF vs. 35.1% placebo) or Ͼ8 mL/kg (16.0% GM-CSF vs. 14.5% placebo). There was no difference between the two groups in the number of days on which plateau pressure exceeded 30 cm H 2 O (15.8% GM-CSF vs. 11.5% placebo). -, Ն29, the upper bound of days that were included in the study. Data are expressed as mean Ϯ SD, median (25 th , 75 th percentile); Mann-Whitney p values are shown.
a Ventilator-free days is the number of days within the first 28 days following enrollment on which the subject was alive and breathing without mechanical ventilatory support; b Days without organ failure is number of days within the first 28 days following enrollment on which the subject was alive and without organ failure.
Failure of extrapulmonary organ systems was defined as in recent Acute Respiratory Distress Syndrome Network studies (5, 6) .
Serious Adverse Events
As might be anticipated, serious adverse events occurred frequently in these critically ill patients. Over one-half of all subjects had at least one serious adverse event. These events were equally frequent in the two treatment groups ( Table 6 ) and none were felt by the safety monitor to be clearly related to the study drug. Periodic safety reviews were carried out by the data safety and monitoring board. Closure of the study was not due to safety concerns.
DISCUSSION
We conducted a randomized, doubleblind, placebo-controlled trial of intrave-nous infusion of GM-CSF in patients with established ALI/ARDS at three academic centers. There was no significant difference in VFD between patients treated with GM-CSF and those treated with placebo. Thus, the two groups were not different with respect to the primary end point. Similarly, there was no difference in the secondary end points, mortality and organ failure-free days, between the groups. GM-CSF infusion induced leukocytosis in some individuals, but was well tolerated, with no increase in serious adverse events compared to placebo, and with no serious adverse events clearly associated with the study drug.
ALI/ARDS remains a devastating condition causing very significant morbidity and mortality. Although important gains have been made as a result of improved strategies for mechanical ventilation (5) and fluid management (6), pharmacologic interventions have been generally disappointing (1) . Recombinant GM-CSF is particularly appealing as a therapy for patients with ALI/ARDS because preclinical data suggest it may exert beneficial effects through several different mechanisms, including direct protective effects for alveolar epithelial cells (12) , effects limiting progression from lung injury to fibrosis (19) , and effects to maintain alveolar macrophage function for pulmonary innate immunity (15) . These mechanisms might all act concurrently in a single patient, or may be manifest separately in different subgroups.
There are several potential reasons this study did not identify an effect of treatment with GM-CSF on VFD in patients with ALI/ARDS. It is possible that preclinical data concerning the effects of GM-CSF on alveolar epithelial injury and repair in animal models do not reflect human biology. Alternatively, there are several potential reasons this trial may have resulted in the negative outcome for the primary end point, whether or not our central hypothesis is correct. These include the number of subjects, the timing, dose, and route of study drug administration, and the choice of primary end point.
Although the enrollment target was 200 subjects, enrollment closed after 132 subjects had been randomized (of whom 130 individuals proceeded to treatment) due to the slow pace of subject accrual within a fixed period of support for the study. The planned sample size of 200 was based on 80% power to find an expected difference of 3.9 days in VFD with an SD of 9.2 days. Enrollment of 130 subjects provided 60% power to show this difference, or 80% power to show a difference in VFDs of 4.6 days. A potential explanation for the negative result of this study for its primary end point is that the study was underpowered to detect a more modest effect on VFD. Although there was only a minimal difference in VFD between GM-CSF and placebo groups when the study closed, one cannot extrapolate to the outcome had the additional 70 subjects been enrolled. The number of subjects actually treated was further reduced because prospectively determined safety rules resulted in withholding study drug infusion on a number of days. In seven patients, the drug was GM-CSF, granulocyte-macrophage colony stimulating factor. GM-CSF levels were measured at baseline (before randomization and treatment) and subsequently after initiation of study drug in the time frame indicated.
Data are expressed as mean Ϯ SD.
withheld on at least half of the potential days of drug infusion, thus decreasing the opportunity for beneficial drug effects. Retrospective analysis excluding these subjects did not identify significant differences in VFD or other clinical end points. It is possible that the decisions concerning the timing, dose, or route of administration contributed to this outcome. In this trial, the window for initiation of treatment was between days 3 and 7 after onset ALI/ARDS. By waiting until day 3 of ALI to begin treatment, individuals who might recover from (20) or succumb to ALI quickly, before the point at which GM-CSF might be expected to change outcome, were not subjected to experimental treatment. Similarly, this delay in treatment avoided concerns that GM-CSF might increase levels of early response cytokines, such as TNF␣, during the initial phase of illness. This delay in treatment decreased the opportunity for benefit during this early phase, a factor that might be particularly important if protection against alveolar epithelial cell injury and destruction is a key component of the effect of GM-CSF. Day 7 was chosen as the end of the enrollment period because patients beyond day 7 are increasingly likely to be in a more chronic phase of illness. Nonetheless, the inclusion of patients enrolled days 3-7 may have resulted in a relatively heterogeneous population and a less clear signal of therapeutic response.
It is possible that the dose of GM-CSF was inadequate, although this seems unlikely. The particular dose of recombinant GM-CSF chosen in this study was based on that used clinically for support of peripheral WBCs and mobilization of hematopoietic stem cells. In our patients, changes in WBCs in the active treatment group suggest that there were significant systemic drug effects. Because large portions of GM-CSF are bound to circulating antibodies and receptors on macrophages, protein measured by standard enzyme-linked immunosorbent assay may not accurately reflect the available GM-CSF within the alveolar space (21) . An argument might be made for provision of recombinant GM-CSF via the airway. However, the most injured portion of the lung in patients with ARDS often is not ventilated. Therefore, a systemic route of administration was preferred for this study. Systemic administration of the same dose of GM-CSF to animals in lung injury models resulted in very significant effects on alveolar macrophages and alveolar epithelial cells.
Although VFD is a clinically important and accepted end point for studies in patients with ARDS, it is possible that GM-CSF might act to influence other important end points, such as progression of organ failure or mortality. Potential mechanisms by which GM-CSF might limit the risk or duration of multiorgan failure include reversal of sepsis-induced immunoparalysis and leukocyte deactivation (22) , stimulation of pulmonary innate immune function to limit ventilatorassociated pneumonia (15, 23) , or mobilization of tissue progenitor cells, including endothelial progenitor cells (24, 25) and bone marrow-derived mesenchymal stem cells (26, 27) . The 28-day mortality rate in the placebo group (23%) was comparable to that found in recent ARDS Network studies (18) , while the mortality rate in patients receiving GM-CSF was 17%, a difference that was not significant. Similarly, the number of organ failure-free days was 12.8 Ϯ 11.3 days in patients receiving placebo, and 15.7 Ϯ 11.9 days in those receiving GM-CSF. This study was not sufficiently large to detect differences of this magnitude for these end points. In the original ARDS Network study of the impact of low tidal volume, over 800 subjects were required to detect a comparable change in mortality (5) .
Several recent trials have specifically investigated the potential benefit of GM-CSF treatment in patients with sepsis who were not neutropenic. These trials have varied significantly in the clinical characteristics of the patients enrolled, the dose and duration of GM-CSF treatment, and the end points measured. Separately, they have demonstrated reduced evidence of leukocyte deactivation and more rapid resolution of sepsis (28), more rapid clinical improvement in abdominal sepsis (29) , and improved leukocyte function and pulmonary gas exchange in patients with severe sepsis and respiratory dysfunction (30, 31) . Although the doses, site of administration, and duration of GM-CSF administration have varied, these studies together indicate that treatment with GM-CSF is well Inflammatory cytokines were measured in serum by enzyme-linked immunosorbent assay. Subjects shown had serum obtained at baseline (before randomization and treatment) and subsequently after initiation of study drug in the time frame indicated.
Data are expressed as mean Ϯ SD. Mann-Whitney p values are as indicated. tolerated in patients with severe sepsis and suggest trends toward improvements in secondary end points. In our study, treatment with GM-CSF appears to have a good safety profile, even in this population of critically ill patients. It did not adversely impact mortality or days free from organ failure compared to placebo. The rate of serious adverse events did not differ between the groups. It was considered possible that treatment with GM-CSF might result in increased cytokine levels, fueling ongoing systemic inflammation. However, serum IL-6, IL-8, and TNF␣ were not increased in the GM-CSF group compared to those receiving placebo. The study was designed with study drug infusions to be withheld if the WBC exceeded 40,000 cells/mm 3 . Similarly, to maximize patient safety, drug infusion was also withheld if the subject's P/F ratio was below 80. Whether the thresholds chosen were optimal has not yet been determined. Based on the experience in this trial, we believe these restrictions on drug administration could be loosened or removed in a future trial.
The approach to ventilator management has important consequences for outcomes in studies of patients with ALI/ ARDS. Our protocol was designed to provide patients with lung-protective ventilation (5) . A small but significant number of subjects received tidal volumes greater than target, often in the setting of a pressure-limited ventilatory mode. A much smaller number of individuals received ventilation with plateau pressures exceeding the ARDS Network target. Because these instances were equally frequent in the two groups, it is unlikely that issues related to ventilator management influenced the outcomes of this study.
In summary, in a multicenter trial of 130 patients with ALI/ARDS we found that infusion of GM-CSF (250 g/M 2 /day) beginning between 3 and 7 days after onset of lung injury did not change the number of VFDs in our patients. Effects on mortality and days free from organ failure were not statistically significant. GM-CSF treatment appears to be safe, with no difference in serious adverse events between subjects who received GM-CSF and those who received placebo. Thus, our results indicate that GM-CSF did not negatively impact patient outcomes in this critically ill population. We believe the cumulative data from mechanistic preclinical studies, other investigations of GM-CSF in patients with sepsis, and the present study, together suggest that GM-CSF be considered for further study of potential impact on mortality in patients with ARDS.
